Introduction
Inflammation is a critical regulator of normal growth and tissue repair (1, 2) including in normal bone homeostasis (3, 4) and fracture repair (5) . In addition, diseases affecting the immune system can have significant effects on bone homeostasis, such as in heterotopic ossification, where inappropriate bone formation occurs at an anatomically incorrect site. Innate immunity is thought to be a key contributor to heterotopic ossification induction and formation (6, 7) , particularly after acute injury or trauma (7, 8) . However, the diversity of triggers and responding cell types pose challenges for elucidating how inflammatory stimuli contribute to heterotopic ossification.
Tissue trauma and the initiation of heterotopic ossification appear closely linked. Patients receiving total hip replacement or spinal surgeries are at high risk of developing heterotopic ossification, with reports as high as 47% incidence in some studies (9, 10) . Heterotopic ossification can occur in patients with rheumatic diseases, such as scleroderma and dermatomyositis; after blast injuries; with BACKGROUND. Inflammation helps regulate normal growth and tissue repair. Although bone morphogenetic proteins (BMPs) and inflammation are known contributors to abnormal bone formation, how these pathways interact in ossification remains unclear.
METHODS.
We examined this potential link in patients with fibrodysplasia ossificans progressiva (FOP), a genetic condition of progressive heterotopic ossification caused by activating mutations in the Activin A type I receptor (ACVR1/ALK2). FOP patients show exquisite sensitivity to trauma, suggesting that BMP pathway activation may alter immune responses. We studied primary blood, monocyte, and macrophage samples from control and FOP subjects using multiplex cytokine, gene expression, and protein analyses; examined CD14
+ primary monocyte and macrophage responses to TLR ligands; and assayed BMP, TGF-β activated kinase 1 (TAK1), and NF-κB pathways.
RESULTS
. FOP subjects at baseline without clinically evident heterotopic ossification showed increased serum IL-3, IL-7, IL-8, and IL-10. CD14
+ primary monocytes treated with the TLR4 activator LPS showed increased CCL5, CCR7, and CXCL10; abnormal cytokine/chemokine secretion; and prolonged activation of the NF-κB pathway. FOP macrophages derived from primary monocytes also showed abnormal cytokine/chemokine secretion, increased TGF-β production, and p38MAPK activation. Surprisingly, SMAD phosphorylation was not significantly changed in the FOP monocytes/macrophages.
CONCLUSIONS.
Abnormal ACVR1 activity causes a proinflammatory state via increased NF-κB and p38MAPK activity. Similar changes may contribute to other types of heterotopic ossification, such as in scleroderma and dermatomyositis; after trauma; or with recombinant BMP-induced bone fusion. Our findings suggest that chronic antiinflammatory treatment may be useful for heterotopic ossification.
severe burns; after traumatic brain injuries or strokes; or after major nonneurological surgeries, such as hip fracture repair (8) (9) (10) (11) (12) (13) . In some conditions, heterotopic bone can even form at anatomic sites distant from the original injury (14) , suggesting that systemic factors could mediate the abnormal ossification. Furthermore, inappropriate activation of osteogenic pathways can occur in common conditions of tissue injury, such as atherosclerosis or vascular calcification, where activated bone morphogenetic protein (BMP) signaling pathways may be present (15) . Studies also indicate that TGF-β superfamily members, including BMPs and activins, are produced at high levels in multiple types of inflammation (16, 17) and may modulate inflammation. However, the wide variety of triggers and diversity of ligands makes it challenging to elucidate how immune function and BMP signaling converge in heterotopic ossification.
Several lines of evidence indicate key roles for inflammation in heterotopic ossification. In humans, inflammatory markers such as IL-3 and IL-12p70 have been linked to heterotopic ossification in combat wounds (18) . IL-6, IL-10, monocyte chemoattractant (MCP1), effluent IP10 (IFN-γ-induced protein), and macrophage inflammatory protein 1 α (MIP1-α) are also associated with heterotopic ossification from high-energy trauma (19) . Antiinflammatory treatments like glucocorticoids and nonsteroidal antiinflammatory drugs (NSAIDs) are the mainstay of current treatment for heterotopic ossification (20) (21) (22) (23) . Although these strategies attempt to mitigate the inflammation and subsequent bone formation, these drugs show low efficacy in blocking heterotopic ossification.
Mouse models of heterotopic ossification also show that macrophages and TGF-β are important regulators of heterotopic ossification (24, 25) . Trauma-induced heterotopic ossification from hind limb Achilles' tenotomy and dorsal burns in mice cause increased levels of TNF-α and IL-1β within 48 hours after injury, with persistent MCP1 and VEGF elevations detectable in saliva 1 week after injury (26) . In addition, macrophages and other innate immune cells are needed for initiation and progression of fracture repair in mice (27) .
Genetic conditions of heterotopic ossification can provide a more controlled venue for dissecting mechanistic contributors, allowing researchers to bypass the diversity of triggers and focus on the underlying molecular and cellular pathways. Fibrodysplasia ossificans progressiva (FOP) is a disease of massive heterotopic ossification that can occur after trauma or infection (28) . FOP is caused by a highly recurring R206H (c.617>A) mutation in the Activin A type I receptor (ACVR1/ALK2), which increases signaling in response to BMPs (29) . An abnormal response to Activin A mimicking a BMP-like response has also been identified (30, 31) ; however, endothelial cells derived from induced pluripotent stem cells made from FOP patients showed no increased Activin A response (32) , suggesting cell-type specificity of the ACVR1 R206H neoreceptor activity to Activin A. FOP patients develop flares characterized by significant inflammation at the sites of future heterotopic ossification, with local warmth, redness, and dramatic swelling ( Figure 1 ) (33) . The bone formation in FOP is thought to recapitulate endochondral ossification and is similar to other forms of traumatic heterotopic ossification; thus, FOP may serve as a model for other diseases of human bone formation.
Macrophages are abundant in the developing heterotopic ossification lesions of chimeric FOP ACVR1 R206H mice, even in the absence of known traumatic injury (i.e., spontaneous heterotopic ossification) (34) . These injury-recruited macrophages may mediate the injury response or potentially trigger heterotopic ossification, since depletion of macrophages and mast cells can reduce heterotopic ossification in FOP mouse models (24) . Here, we elucidate the proinflammatory and monocyte/ macrophage changes in humans with FOP to understand how ACVR1 signaling leads to abnormal immune activation.
Results
Elevated proinflammatory and myeloid cytokines in serum of FOP patients. Obtaining blood from FOP patients is challenging. FOP is rare (prevalence of 1 in 1,300,000 to 1 in 2,000,000 worldwide; refs. 35, 36) , and patients have difficulty traveling to research sites due to their immobility. Blood draws can lead to heterotopic ossification at the phlebotomy site, and often only small quantities of blood can be obtained because of difficult venous access from contractures. We were fortunate to study a cohort of FOP patients and their families seen from 2014-2018 at the UCSF Metabolic Bone Clinic using protocols approved by the UCSF Committee on Human Research (Figure 1 ). All FOP subjects in this study were genotyped and confirmed to carry the classical ACVR1 R206H mutation (data not shown).
We first carefully collected serum from FOP subjects at baseline without a reported flare or clinically active bone formation (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.122958DS1). These subjects were termed FOP No Flare. FOP subjects with a documented clinically ongoing flare (based on the presence of 2 or more symptoms, including pain, swelling, erythema, or loss of motion at a joint adjacent to the flare; Figure 1 ) and who were receiving standard-of-care glucocorticoid treatment (20) for their flare at the time of the blood draw were termed FOP Flare+Steroids. Control family subjects (either siblings or parents) were termed Control Subjects. Flaring FOP subjects who were not on steroids, such as FOP31, were termed FOP Flare. Additional FOP Flare subjects not receiving steroids were unavailable at the time of this initial cytokine analysis.
We performed multiplex analysis for 69 cytokines on the serum samples because of the small volumes of blood samples we received ( Figure 2 ). Principal component analysis (PCA) showed that the FOP No Flare group showed differences from the controls but that the flaring FOP subjects narrowed the clustering back toward the controls (Figure 2A) . The cytokine profiles of control, FOP No Flare, and FOP Flare+Steroids groups showed qualitative differences when viewed on a heatmap ( Figure 2B ). Levels of IL-3, a critical cytokine for the maturation of the myeloid lineages (37); IL-7, important for the maturation of lymphoid lineages (37) and myeloid cell migration (38) ; and IL-8 produced by monocytes, macrophages, and endothelial cells (39) (40) (41) were significantly increased in sera of FOP subjects with no flare as compared with controls ( Figure 2C ). Granulocyte-macrophage CSF (GMCSF), a growth factor that can stimulate the differentiation of hematopoietic stem cells into granulocytes and monocytes (42) , showed a trend toward increased levels in FOP subjects at baseline but was significantly increased in the serum of FOP Flare+Steroids subjects ( Figure 2C ). The elevation of these cytokines in sera of FOP subjects suggested that immune cells may be activated even at baseline, when no clinically active bone formation is evident in FOP subjects, and that steroids can partially buffer these cytokine changes.
We also found that levels of IL-10, an antiinflammatory cytokine (43) , were significantly increased in sera of FOP No Flare subjects compared with controls ( Figure 2D ). IP10, which can be expressed by monocytes upon IFN-γ stimulation (44) , was significantly decreased in FOP subjects ( Figure 2D ). There was also a trend toward increased proinflammatory cytokines TNF-α and Fractalkine/CX3CL1 (a chemoattractant for monocytes and T cells involved in osteoarthritis and rheumatoid arthritis; refs. [45] [46] [47] [48] [49] in FOP subjects with no flare ( Figure 2D ). We found no differences in serum levels of BMP2, BMP4, BMP9, or Activin A (Supplemental Figure 1) . Interestingly, CCL27 (cutaneous T cell-attracting chemokine [CTACK]), a skin-specific chemokine Myeloid and proinflammatory cytokine were significantly increased in FOP subjects with no flare. (E) Lymphoid cytokines CTACK (cutaneous T cell-attracting chemokine) and TARC (thymus and activation-regulated chemokine) were significantly lower in all FOP subjects. IL-9, which can be secreted by lymphocytes and mast cells, was elevated in FOP subjects with no flare. The distribution of the subjects is described in Supplemental Table 1 . Error bars represent mean ± 1 SD. *P < 0.05, **P < 0.01, by Student's t test.
in wound healing, and CCL17 [thymus and activation-regulated chemokine [TARC]), a chemotactic mediator for TH2 cells, were significantly decreased in FOP subjects regardless of flare status ( Figure 2E ). IL-9, secreted by lymphocytes and mast cells (50) , was significantly increased in FOP subjects with no flare ( Figure  2E ). Notably, the 1 subject (FOP31) with a FOP flare who did not take steroids (Figure 2 , C-E) showed cytokine levels that tended to be outside of the ±1 SD range. When FOP31 was excluded from analysis, only TNF-α, TNF-related apoptosis-inducing ligand (TRAIL), and MIP1-α levels became significantly different between the FOP No Flare and FOP Flare groups (Supplemental Figure 2) . This suggested that steroid treatment may not affect other cytokines in FOP subjects.
These results suggested that cytokine changes are present in FOP subjects at baseline in a nonflare state and that some cytokine changes appear normalized in FOP subjects receiving standard-of-care high-dose steroids for their FOP flares. In addition, the cytokines' elevation known to stimulate monocyte recruitment, activation, and/or differentiation suggested a role for myeloid cells in human FOP.
Circulating proinflammatory monocytes are increased in FOP patients in the absence of a flare. We found no gross abnormalities in FOP No Flare subjects' peripheral blood counts (Supplemental Table 2 ). However, our finding of increased serum myeloid-related cytokines ( Figure 2 ) and prior observations of abundant macrophages in developing FOP lesions (34) led us to examine if monocyte subtypes in the peripheral blood might differ between FOP and control subjects.
Using a new cohort of FOP patients and controls (Supplemental Table 3 ), whole blood from control, FOP subjects with no flare, and FOP subjects with a flare with or without steroids were analyzed by flow cytometry. We used exclusion/inclusion gating ( Figure 3A) 
CD16
-monocytes were significantly increased in FOP subjects with a flare compared with controls. Total circulating monocytes were not different between control and FOP ( Figure 3B ). However, the CD14 + CD16
+ monocyte subpopulation, which is believed to be more inflammatory (53) , was significantly increased in FOP subjects with No Flare compared to control subjects ( Figure 3C ). CD14 lo CD16
+ monocytes ("patrolling monocytes") were significantly decreased in FOP subjects with flare compared with controls subjects ( Figure 3C ). In addition, we didn't find any significant differences in CD3 + T lymphocytes (Supplemental Figure 3) . These results suggested that some FOP subjects not experiencing a clinically obvious flare may have a cellular proinflammatory state at baseline. Although changes in blood monocyte counts may be related to steroid usage in the FOP Flare+Steroids group (54), these subjects were generally the lower values in the cell analyses and, thus, likely decreased significance of our assays. In addition, the changes in the FOP No Flare group are less likely to be affected due to their longer duration off of steroids.
FOP circulating monocytes subsets express higher levels of chemotaxis receptors. Since we found differences in CD14 + CD16
+ and CD14 lo CD16 + subsets of monocytes between control and FOP subjects, we investigated if these subtypes had different gene expression signatures. Statistical analyses of the FOP Flare and FOP No Flare groups were combined, since the groups showed no obvious differences ( Figure 3 , D and E). We sorted the 3 different monocyte subsets to high purity and investigated their gene expression profile. As expected, CD14, CCR2, and CD163 were highly expressed in CD14 +
-monocytes (53) ( Figure 3D ). CD14 + CD16 + monocytes expressed significantly higher levels of the Activin A subunit inhibin β A (INHBA) than any of the other subsets ( Figure 3D ), with no differences based on FOP genetic status. BMP4 and BMP6 were expressed at detectable levels in monocytes (Supplemental Figure 4) , whereas BMP2 and BMP7 were not expressed at detectable levels (data not shown) in any subtypes. In addition, FOP monocytes didn't show any increase in Oncostatin M, recently shown to contribute to human neurogenic heterotopic ossifications (55) (Supplemental Figure 4 ). Since TLR expression was reported to be increased in FOP connective tissue progenitor cells (56), we investigated the expression of TLR2/4. Neither TLR2 nor TLR4 was increased in FOP monocytes ( Figure 3E ). CXCR4 (a receptor involved in stem cell homing) and activator protein 1 (AP1), which is activated by MAPKs (57), gene expression levels were significantly increased in FOP CD14 + CD16 -monocytes compared with control ( Figure 3E ). Since CXCR4 can identify transitional BM premonocytes that replenish the mature monocyte pool for peripheral responses (58), these results suggest that circulating FOP monocytes may be enriched in a transitional BM premonocyte population and may be more sensitive to immune cell homing signals.
Primary FOP monocytes show increased response to LPS compared with controls. We next asked if the ACVR1 R206H mutation might confer increased baseline monocyte activity or responsiveness to known monocyte stimuli. CD14
+ monocytes were isolated from peripheral blood of control and FOP subjects insight.jci.org https://doi.org/10.1172/jci.insight.122958 Table 5 and Figure 4A ). Expression of typical extracellular monocytes markers (CD14, CD11B, CD163, and CD206) were not significantly different between groups ( Figure 4B ).
C L I N I C A L M E D I C I N E (Supplemental
Control and FOP primary monocytes were stimulated with different concentration of gram-negative bacterial LPS, a potent TLR4 signaling activator (59) . FOP CD14 + primary monocytes showed significantly increased CCL5, CCR7, and CXCL10 expression when stimulated with 10 ng/ml LPS ( Figure 4C ). These genes are typically expressed in polarized monocytes/macrophages (60) and are proinflammatory. ACVR1 is expressed in monocytes ( Figure 4C ). We found no significant differences between 100 ng/ml LPS-stimulated control and FOP monocytes ( Figure 4C ). In addition, inhibitor of DNA binding 1 (ID1) expression, a direct BMP pathway target (61), was decreased upon LPS stimulation, suggesting that the BMP pathway may not be dominant in the monocyte response to LPS (62) ( Figure 4D ). All LPS-stimulated monocytes showed increased Activin A gene expression, but we found no significant differences between control and FOP monocytes ( Figure 4D ). Also, LPS-stimulated FOP monocytes did not show increased TLR2 and TLR4 expression ( Figure 4D ), as previously described in connective tissue progenitor cells (56) , suggesting that the increased LPS response in FOP monocytes was not due to increased TLR expression. Finally, FOP CD14
+ monocytes stimulated with TLR2 ligands P3C (Pam3CSK4, synthetic triacylated lipoprotein) 
CD16
-monocytes compared with control. Supplemental Table 4 shows the distribution of the subjects (Control, n = 4; FOP, n ≥ 3). *P < 0.05, **P < 0.01, by 2-way ANOVA Sidak or Tukey's multiple comparison test. Error bars represent mean ± 1 SD.
or FSL1 (synthetic ligand derived from mycoplasma salivarium), or with Activin A or BMP4, did not show significant differences in CCR7 or CXCL10 levels ( Figure 4E ). Together, these results suggest that the ACVR1 R206H mutation may induce increased responsiveness to TLR4 ligands. In addition, monocytes can increase their Activin A production in response to LPS, but FOP monocytes do not appear to produce significantly more Activin A than controls.
Stimulated FOP monocytes show abnormal cytokine/chemokine secretion. Since LPS appeared to induce a shift in the response curve of FOP peripheral monocytes, we examined the functional activity of cultured LPS-stimulated monocytes using a multiplex assay for 41 cytokines on culture supernatant ( Figure 5 , A and B, and Supplemental Table 6 ). PCA analysis of the cytokines/chemokines showed that LPS-stimulated and LPS-unstimulated FOP monocytes clustered separately from control monocytes ( Figure 5A ). Proinflammatory cytokines, including IL-1 receptor antagonist (IL-1RA), IL-3, IL-15, and IL-17A in FOP monocytes after LPS stimulation ( Figure 5C ), were significantly increased. IL-1α, IL-1β, IL-6, and TNF-α levels were increased in LPS-stimulated control and FOP monocytes, but there were no differences between control and FOP LPS-stimulated monocytes ( Figure 5D ). MIP1-α and eotaxin (CCL11) were significantly elevated in LPS-treated FOP monocytes compared with control ( Figure 5E ). Finally, EGF and VEGFA + cells (in rectangle) from control or FOP subjects showed no significant differences in CD11B, CD163, or CD206 expression. (C) FOP CD14 + monocytes showed a significant increase in gene expression of CCL5, CCR7, and CXCL10 at lower LPS concentration. (D) SMAD1/5-driven expression of ID1 (inhibitor of DNA binding 1) was not increased in FOP monocytes. INHBA was substantially increased in all monocytes when stimulated with increasing amounts of LPS. The increased LPS response was not due to an increase in TLR receptor expression. (E) Control and FOP monocytes were stimulated with TLR2 ligands, BMP4, or Activin A. Control and LPS samples from C were presented again in E for comparison with other ligands. The distribution of the subjects is described in Supplemental Table 5 (control, n ≥ 3; FOP, n ≥ 3). *P < 0.05, **P < 0.01, by multiple comparison Student's t test. Error bars represent mean ± SD. insight.jci.org https://doi.org/10.1172/jci.insight.122958
C L I N I C A L M E D I C I N E
growth factors were significantly increased in LPS-stimulated FOP monocytes ( Figure 5E ). Although both EGF and VEGFA can mediate monocyte chemotaxis (63) (64) (65) , secretion of these 2 growth factors may favor the recruitment of angiogenic cells (66, 67) . Together, these results suggested that primary monocytes from FOP subjects have an abnormal response to TLR4 stimulation by LPS that leads to secretion of elevated proinflammatory cytokines, chemokines, and growth factors.
Prolonged activation of NF-κB signaling pathway in LPS-stimulated FOP monocytes.
The inflammatory and SMAD signaling pathways can converge via TGF-β activated kinase 1 (TAK1) (68, 69) . Thus, we asked if the increased LPS responses observed in FOP monocytes might be due to a TAK1 dysregulation. TAK1 phosphorylation was increased upon LPS stimulation in control and FOP monocytes ( Figure 6, A and B) . Expression was highly variable within the FOP monocytes. No significant differences were found when TAK1 phosphorylation was normalized to β-actin. However, when normalized to total TAK1, both control and FOP monocytes showed increased TAK1 phosphorylation after 30 minutes of LPS stimulation, with a trend toward higher levels in FOP monocytes ( Figure 6B ). These results hint that TAK1 dysregulation may be present in FOP monocytes, but further experiments using larger numbers of cells are needed to understand the role of TAK1 in FOP.
We next asked if the inflammatory (NF-κB vs. MAPKs) and SMAD pathways might be active in FOP monocytes as a potential cause of the abnormal cytokine secretion we observed. Surprisingly, SMAD1/5/9 phosphorylation and NF-κB total lysate phosphorylations were not significantly different between control and FOP monocytes ( Figure 6, A and B) . Since we had limited monocytes obtainable from FOP subjects, we used immunofluorescence staining to semiquantitatively assess the NF-κBp65 ( Figure 6C ), phospho-p42/44 (ERK1/2), p38, and phospho-SMAD1/5 translocation from the cytoplasm to the nucleus (Supplemental Figure 5 ). Control and FOP monocytes were stimulated with LPS, Activin A, or BMP4. NF-κBp65 nuclear translocation percentage decreased after 1.5 hours of LPS stimulation in control monocytes, while NF-κBp65 nuclear translocation persisted in FOP monocytes. Also, NF-κBp65 was significantly increased in Activin A-stimulated FOP monocytes ( Figure 6C ). Phospho-p42/44 showed a trend toward elevation in FOP monocytes (Supplemental Figure 5) . Nuclear-activated p42/44 percentage was significantly increased in BMP4-stimulated FOP monocytes. Nuclear-activated p38 and phospho-SMAD1/5 were not significantly different between control and FOP monocytes, even when stimulated with Activin A or BMP4 (Supplemental Figure 5) . AP1, a transcription factor activated by MAPKs and NF-κB pathways, showed no significant differences between control and FOP monocytes. However, IFN regulatory factor 3 (IRF3) was significantly increased in FOP monocytes stimulated with Activin A (Figure 6D ). The SMAD1/5/9 pathway is not activated in FOP monocytes (bottom). (B) TAK1 phosphorylation is increased upon LPS stimulation (10 ng/ml) in both control (n ≥ 5) and FOP (n ≥ 4) monocytes. There were no significant differences in total lysate NF-κBp65 phosphorylation upon LPS stimulation. (C) Time course of LPS-induced NF-κBp65 nuclear translocation in cells stimulated with LPS (10 ng/ml), BMP4 (50 ng/ml), or Activin A (50 ng/ml). Immunofluorescence staining of NF-κBp65 and quantification of nuclear staining (NF-κBp65:Dapi) shows a significant increase of NF-κBp65 nuclear translocation in FOP monocytes when stimulated with LPS and Activin A for 3 hours (control, n ≥ 3; FOP, n ≥ 4). Scale bars: 50μm. *P < 0.05 and ***P < 0.005 by multiple comparison Student's t test. Error bars represent means ± 1 SD. At least 100 nuclei were evaluated per condition. (D) mRNA levels of IRF3 were increased with Activin A stimulation in FOP monocyte (control, n ≥ 3; FOP, n ≥ 3). *P < 0.05, by multiple comparison Student's t test. Error bars represent mean ± 1 SD. The distribution of the subjects is described in Supplemental Tables 7 and 8 . insight.jci.org https://doi.org/10.1172/jci.insight.122958
C L I N I C A L M E D I C I N E
These results indicate that the abnormal cytokine secretion observed in FOP monocytes is likely due to prolonged activation of the NF-κB pathway, as evidenced by increased NF-κB nuclear translocation, rather than increased SMAD1/5 activity.
FOP primary monocyte-derived macrophages also show abnormal cytokine/chemokine secretion. Since FOP monocytes showed increased responsiveness to LPS, we asked if primary FOP monocyte-derived macrophages responded similarly. CD14 + monocytes isolated from peripheral blood of control and FOP subjects were stimulated with GMCSF for 7 days to polarize toward a proinflammatory (M1) phenotype, or MCSF (macrophage CSF) to polarize toward an antiinflammatory (M2) phenotype. We investigated their response to LPS using the same multiplex assay previously used for monocytes ( Figure 5 ). PCA and heatmap analyses of the 41 cytokines (Figure 7 , A and B, and Supplemental Table 9 ) for the proinflammatory M1 macrophages ( Figure 7A, left) showed that LPS-stimulated and LPS-unstimulated FOP subjects clustered separately from the control subjects. Surprisingly, antiinflammatory M2 macrophages from unstimulated FOP subjects clustered even further away from control subjects ( Figure 7A , right). Proinflammatory cytokines in FOP proinflammatory M1 macrophages (GMCSF stimulated), including MIP1-β, IL-1RA, PDGFAA, and PDGFBB ( Figure 7C ), were significantly increased. Cytokines IL-3 and IL-17A and chemokines eotaxin and growth factor VEGFA were significantly increased in FOP antiinflammatory M2 macrophages (stimulated with MCSF) in a non-LPS-stimulated state , and IL-17A were increased at baseline in FOP subject M2 macrophages. (E) GROα and GCSF were significantly increased in FOP monocytes stimulated with LPS. The distribution of the subjects is described in Supplemental Table 9 . *P < 0.05, **P < 0.01, and ****P < 0.0001 by Sidak's multiple comparison test. Error bars represent means ± 1 SD.
( Figure 7D . Growth-regulated oncogene-α (GROα) and granulocyte CSF (GSCF) were significantly increased in LPS-stimulated FOP macrophages ( Figure 7E ). These results suggest that both FOP proand antiinflammatory macrophages secrete increased levels of cytokines and chemokines at baseline and when stimulated with LPS.
Upregulation of the p38 pathway and increased TGF-β in M2 FOP macrophages. Our supernatant analysis showed evidence of functional differences between FOP and control macrophages. Macrophages can produce TGF-β, a secreted protein implicated in fibrosis and heterotopic ossification (25, 70) . TGFB expression was significantly increased in FOP antiinflammatory M2 macrophages upon LPS stimulation ( Figure 8A ). TGF-β1-secreted levels were also higher in unstimulated FOP antiinflammatory M2 macrophages ( Figure  8A ). We found a trend toward elevated levels of TGF-β1 in stimulated FOP macrophages, but it was not statistically significant, likely due to biological variability. These results suggest that M2 macrophages may contribute to the fibrosis (70, 71) seen in developing heterotopic ossification lesions (25) . Phagocytic abilities of FOP macrophages showed no major differences from control macrophages (Supplemental Figure 6) .
Since we previously found increased cytokine secretion in FOP monocytes due to an upregulation of the NF-κB pathway, we asked if the same mechanism also occurred in FOP macrophages. CD14 + monocytes stimulated with GMCSF (M1), or with MCSF (M2), were treated with LPS or Activin A. Again, SMAD1/5/9 phosphorylation was not increased at baseline or with LPS in FOP macrophages ( Figure 8B ). BMP4 stimulation of control and FOP macrophages did not increase SMAD1/5/9 signaling, either ( Figure 8B ). The p38 pathway was significantly downregulated in FOP proinflammatory M1 macrophages stimulated with LPS, while it was elevated in LPS-stimulated FOP antiinflammatory M2 macrophages ( Figure 8C ). In contrast, no significant differences in NF-κB were identified ( Figure 8C ). These results suggest that non-SMAD1/5/9 pathways may be critical in FOP macrophage dysfunction and that the p38 phosphorylation changes are most pronounced in the antiinflammatory M2 macrophage population ( Figure 8D ).
Discussion
Inflammation is a critical regulator of growth and repair in a wide spectrum of tissues (1, 2), including bone (3) (4) (5) (6) (7) (8) . Clinical conditions affecting inflammatory function are associated with skeletal effects, ranging from bone loss (e.g., inflammatory osteoporosis) (72, 73) to bone gain (heterotopic ossification) (6, 7) . Prior studies identified numerous cytokine changes in these conditions (18, 19) ; however, the wide variety of triggers and biological responses makes it difficult to systematically elucidate the role of the immune system in skeletal diseases. In addition, while multiple cell type can clearly contribute to bone formation in heterotopic ossification (74) (75) (76) (77) (78) , all forms of human heterotopic ossification appear to be strongly associated with inflammatory responses (7) . This suggests that a common proinflammatory pathway may be a key activator of bone formation in normally nonmineralized sites.
Our systematic study showed that FOP patients have an immune system that is predisposed to over-activation, suggesting that FOP might be considered an autoinflammatory disease. We found a significant proinflammatory state at baseline in FOP patients that were not showing clinical signs of active bone formation. These changes could be detected both by multiplex serum cytokine profiling and by functional analysis of peripheral blood monocytes and macrophages. Our results showed both broad changes and focused cytokine elevations, suggesting that the ACVR1 R206H mutation may cause very specific alterations in immune function that result in global effects.
We found elevated levels of IL-9, secreted by T cells or mast cells (79) , and eotaxin, a chemokine for mast cells (80) , in FOP subjects with no flare and FOP monocytes/macrophages, respectively. Levels of GROα were also increased in FOP monocytes/macrophages. With eotaxin, GROα can promote granulocytes proliferation and differentiation at the site of injury (81) (82) (83) (84) . This may explain the large number of mast cells observed in developing FOP lesions and the mast cells' contribution to the disease's proinflammatory aspect (24, 34) . Indeed, the depletion of mast cells and macrophages impairs heterotopic ossification formation in an ACVR1 R206H mouse model of FOP (24) . Whether this occurs in humans remains unknown. Other cytokines we found elevated in FOP subjects' sera or monocytes/macrophages, such as IL-1RA (a natural IL-1 inhibitor) (85), IL-10 (43), and IL-17A (86), Figure 9 . Summary of the innate immune system dysfunction in FOP and other forms of heterotopic ossification. FOP patients showed increases of several proinflammatory and myeloid cytokines in their serum and increased proinflammatory monocytes, suggesting a proinflammatory state at baseline. We found that FOP CD14 + monocytes and M1/M2 macrophages are hyperresponsive to TLR4 ligand LPS, which may increase and propagate the inflammatory response leading to the recruitment of other inflammatory cells and tissue-specific osteoprogenitors, which are critical steps in heterotopic bone formation.
have been associated with inflammatory and autoimmune diseases. It is intriguing to consider that these autoinflammatory conditions also show intermittent flare-ups, much like what occurs in FOP.
There were some additional surprises in our results. Our serum cytokine analyses showed suppression of CTACK and TARC, 2 cytokines that may have roles in T cell function. Since T cells and macrophages can regulate each other (87) , the ACVR1 R206H mutation might also affect the adaptive immune system or crosstalk between monocytes/macrophages and lymphocytes. The elevated serum IL-7, IL-8, and IL-15 can also affect maturation and activation of the lymphoid lineage (38, 88) and may reflect a yet-to-be identified role for T cells.
Several secreted factors were notably unchanged in serum, including Activin A, which is thought to act as a ligand for the ACVR1 R206H receptor (30, 31) , and BMPs, which are thought to have enhanced activity on the ACVR1 R206H receptor (89) . It is yet unknown, to our knowledge, if tissue levels of these cytokines are changed in FOP patients, but identifying sources of potential ligands for ACVR1 will be critical for developing targeted therapeutics.
Significantly elevated growth factors (PDGFs, VEGF, and TGF-β) and cytokines (MIP1-β, eotaxin, GROα) in FOP macrophages may also impact the differentiation or recruitment of osteoprogenitors. MIP1-β, eotaxin, and GROα are upregulated during the acute phase of fracture healing (90) . PDGFBB + cells and PDGFBB in serum are increased during heterotopic ossification progression (25) . PDGFs, which can be produce by macrophages (91) , are chemoattractant for osteoprogenitors (92) and may recruit mesenchymal cells and osteoprogenitors to form heterotopic ossification. In addition, VEGF is essential for bone vascularization, fracture repair, and chondro-and osteogenic precursor function. Finally, the increased production of TGF-β found in our study correlates with recent findings where TGF-β levels are elevated in human heterotopic ossification and can trigger heterotopic ossification (25) . Further investigation of whether local tissue-resident macrophages are affected by the ACVR1 R206H mutation, and whether communication with other immune cell lineages occurs, remain important challenges to overcome. While mouse models may elucidate these mechanisms, mice and humans clearly have different immune responses (93); therefore, understanding the human context using other human models will be revealing.
Critically, our results on FACS-purified FOP monocytes showed increased dose-response and hyperresponsiveness to the TLR4 ligand LPS in vitro. This shift in sensitivity correlates with clinical observations (94) , suggesting that a normal immune system can still trigger FOP flares, particularly when maximally activated. Our results also suggest that ACVR1 R206H induces a cell-autonomous increase in macrophage sensitivity to activating stimuli. Although LPS is not considered to be a typical inducer of FOP flares, numerous endogenous TLR4 danger-associated molecular pattern (DAMP) proteins are induced after injury, including HMGB1, HSP, and hyaluronan, which are all crucial for tissue repair and regeneration (95) . Pathogen-associated molecular patterns (PAMPs) or DAMPs released after injury may induce a hyperinflammatory response in FOP patients, causing the inflammatory soft tissue swelling during bone formation flares. The ACVR1 R206H effect in macrophages may be TLR4-pathway selective, since testing with ligands for TLR2/6 does not appear to stimulate increased responses. Identifying these DAMPs will be a high priority in future studies.
Molecularly, we were surprised to find prolonged activation of NF-κB in FOP monocytes. Although an earlier study in patient-derived lymphoblastoid cell lines suggested that NF-κB was not significantly changed in FOP (96), TLR signaling dysregulation can occur in FOP connective tissue progenitor cells (56) . NF-κB is part of the immune defense mechanism and a master regulator of inflammation (97) . Increased NF-κB activity is sufficient to drive chronic inflammation (98) and may explain the TLR4 hyperresponsiveness we observed (99) . Unexpectedly, FOP macrophages' hyperresponsiveness is likely mediated by 2 different pathways, whether they are monocytes (NF-κB) or differentiated antiinflammatory macrophages (p38). ACVR1 and TLR4 can regulate the expression of TAK1 (69, 100), which activates the NF-κB (97) and SMAD1/5 pathway (69, 100) . Surprisingly, SMAD1/5/9 signaling was not changed in FOP monocyte/macrophages. This suggests that tissue-specific activation of other pathways affected by ACVR1 R206H neofunction may be more important in immune cell types than previously thought. Finally, our finding that phosphorylated TAK1 normalized to total TAK1 was increased in both control and FOP monocytes LPS stimulation, with a trend toward an increase in FOP monocytes, hints that chronic stimulation of the TAK1 pathway and subsequent activation in the inflammasome (101) may be an important contributor to disease pathogenesis. Further experiments need to confirm the specific involvement of TAK1 in FOP cells. insight.jci.org https://doi.org/10.1172/jci.insight.122958
C L I N I C A L M E D I C I N E
Although we were unable to fully characterize the increased subpopulation of CD14 + /CD16 + intermediate cells in FOP subjects due to limited sample size and availability, these macrophages are known to be highly proinflammatory. Both increased and decreased cell frequency have been reported in several inflammatory conditions, such as sepsis, rheumatoid arthritis (53), or stroke (102, 103) . Another cohort of FOP patients using a different FACS gating strategy did not find significant differences by monocytes subtype fractionation. However, FOP monocytes expressed higher levels of DNAX accessory molecule 1 (DNAM1), a protein important for monocyte migration through the endothelial barrier, again suggesting a role of monocytes in the early phases of FOP flare-ups (104) . Further investigation of this population of CD14 + CD16
+ proinflammatory macrophages is warranted. Our findings have clinical implications for both FOP and nongenetic heterotopic ossification ( Figure  9) . First, increased immune activity may be present at baseline in FOP patients, reflecting a primed immune system sensitive to trauma. These cytokine and cellular profiles indicate that it may be possible to identify a biomarker risk panel for FOP bone formation and, potentially, other types of heterotopic ossification since FOP likely recapitulates other forms of heterotopic ossification. Although a recent study on 15 FOP patients suggested that there were little or no changes in serum cytokine markers (105) , there are several key differences between our studies, including our collection of specimens that allowed for rapid processing and isolation of live cells for analysis, the use of a different and arguably more sensitive multiplex assays, and the inclusion of cell functional analyses to verify immune dysfunction.
Second, our findings suggest that the activated ACVR1 signaling has a critical effect on macrophage function and signaling activity. Some FOP patients seem to continue to acquire heterotopic bone, even in the absence of clinically identifiable flare events, or develop extensions of their heterotopic bone after the main flare event has clinically ended (14) . Our findings suggest that a proinflammatory state may be present continuously, and they indicate that long-term/chronic therapy with immunosuppressive medication may be beneficial for managing FOP (33) or as an adjunct to steroid treatment (20) . Indeed, a FOP patient treated by BM transplant for aplastic anemia had significant amelioration of his FOP symptoms until immunosuppression was discontinued (94) . Immunomodulators such as imatinib may also have clinical benefits (106) . However, whether this chronic bone formation can be targeted by specific regimens has yet to be determined.
Third, our findings that cytokine and monocyte/macrophage dysfunction were suppressed in flare-up patients who received standard-of-care treatments with steroids (approximately 2 mg/kg/day of prednisone; ref. 20) suggest that acute antiinflammatory treatments can modify the cytokine response. Our data likely reflect the clinical heterogeneity of FOP patients, where some FOP patients fail to respond to standard-ofcare high-dose steroid treatment and have continued inflammation and subsequent bone formation. Likewise, the cytokine profile heterogeneity in FOP patients at baseline without clinical flare symptoms may explain why some FOP patients show variability in sensitivity to trauma (14) . Unfortunately, our study was unable to determine if the observed cytokine normalization is driven only by steroids, since few subjects did not receive standard-of-care treatment. Future longitudinal studies will help elucidate these mechanisms.
Our findings have critical implications for nongenetic forms of heterotopic ossification. Among the elevated cytokines found in FOP subjects' sera, or in LPS-stimulated FOP monocytes and/or macrophages, IL-3 was previously linked to heterotopic ossification in combat wounds (18) , and IL-10 and MIP1-α were associated with heterotopic ossification due to high-energy trauma (19) . VEGF, described to be increased in saliva 1 week after injury in a trauma-induced heterotopic ossification with hind limb Achilles' tenotomy and dorsal burn mouse model (26) , was significantly increased in FOP monocytes and unstimulated M2 macrophage. Although IP10 (CXCL10) levels were significantly decrease in all FOP subjects, CXCL10 gene expression was increased in a dose-response manner in LPS-stimulated FOP monocytes. Interestingly, IP10 wound effluent was previously shown to be associated and suggestive of heterotopic ossification development (19) . Serum from FOP patients can enhance the osteoblast differentiation and BMP2 expression of mouse osteoblastic cells (107) , further confirming the potential for systemic effects of the inflammatory system. Finally, a SNP in the TLR4 receptor has been associated with a decrease of trauma-induced heterotopic ossification formation (108) . Thus, our results suggest that this cytokine network, and the changes we see in FOP, may have relevance to nongenetic causes of heterotopic ossification. Further work to elucidate the broader cytokine changes that occur with trauma will provide interesting comparisons with our results.
Our study has several important limitations. First, the need to collect FOP samples that could meet the processing and analytical requirements meant that we could only study a small cohort of FOP subjects who could come to our clinical site. Likewise, the small sample quantities and need for sequential analyses limited our ability to perform parallel studies where we could examine cytokines and cellular function together. In addition, our study opted to collect family controls to help decrease the influence of genetic background, which is a significant contributor to immune variability (109, 110) . Although the control group was generally older than the FOP group, we still detected that standard-of-care steroid treatment in flaring FOP patients largely suppressed the cytokine changes, suggesting that antiinflammatory therapies may remain helpful for long-term treatment. We also were unable to perform longitudinal analyses on these samples; therefore, persistence of the cytokine changes over time remains unknown. Finally, the standard-of-care treatment regimen with steroids, the concomitant use of other medications, and the absence of longitudinal data to correlate cytokine profiles with long-term heterotopic bone formation currently limits our ability to directly link cytokine abnormalities to FOP-related bone formation. This is mitigated by the cellular changes that we found, but additional studies using model systems and in other forms of heterotopic ossification will help solidify our findings.
Together, our results demonstrate a proinflammatory state in FOP patients and a hyperresponsiveness of their peripheral blood monocytes and derived macrophages to inflammatory triggers. The remarkable overlap in cytokines/chemokines in FOP subjects and other forms of heterotopic ossification suggests that a common pathway may exist that could be potentially targeted as a generalized treatment for heterotopic ossification.
Methods
Subjects. Blood was collected from subjects undergoing blood collection for other purposes to reduce the chances of trauma-induced heterotopic ossification flares in FOP patients; thus, only small volumes of blood were available for research. Venous blood samples were carefully collected by experienced phlebotomistas from FOP subjects with no clinically active flare, FOP subjects with a clinically active flare, or control subjects who were relatives of the FOP patients (Figure 1 ). The limited sample volume meant that parallel studies of serum and cellular activities were usually not possible. Thus, details for each clinical sample for each study are described in Supplemental Tables 1-11 . FOP patients from the No Flare group were not taking steroid treatments. All FOP patients taking steroids followed standard-of-care dosing (20) . Nonsteroid medication treatments were also recorded; we did not identify any obvious link between those medications and changes in the measured parameters. Serum was isolated by centrifugation at 1,800 g for 30 minutes and sent to Eve Technologies for multiplex cytokine assessment. The concentration of Activin A and TGF-β was quantified by Quantikine Elisa from R&D Systems.
Primary monocyte isolation. Peripheral blood samples were collected by venipuncture in Vacuette K2E EDTA K2 tubes (catalog 1454428) and in BD Vacutainer CPT Cell preparation tubes (BD Biosciences, catalog 362761) with sodium citrate. For whole blood analysis, RBCs were lysed using RBC lysis buffer for human cells (Alfa Aesar, catalog J62990) twice for 20 minutes each. Remaining leukocytes were resuspended in FACS buffer (PBS/2% FBS/2 mM EDTA) and analyzed by flow cytometry on a FACSAriaIII (BD Biosciences). For primary monocyte isolations, CPTs were centrifuged according to the manufacturer protocol. Buffy coat cells underwent magnetic sorting (MACS) using anti-CD14-coated beads (Miltenyi Biotec, catalog 130-059-201). Cells were analyzed by flow cytometry or cultured in monocyte media (RPMI1640 media supplemented with 10% FBS and 1 mM glutamine; Gibco, Thermo Fisher Scientific). All antibodies used for FACs are listed in Supplemental Table 12 .
Monocyte stimulation. After MACS purification for CD14 + cells, primary monocytes were seeded at 10,000 cells per well in a 48-well plate. The next day, monocytes were stimulated with LPS (10 ng/ml, MilliporeSigma, catalog L2630), P3C (100 ng/ml, EMC Microcollections, catalog L200), FSL1 (100 ng/ ml, EMC Microcollections, catalog L7000), human Activin A (10 ng/ml, Peprotech, catalog 120-14E), or human BMP4 (10 ng/ml, Peprotech, catalog 120-05ET) for 24 hours. Supernatants were collected and RNA was extracted.
Monocyte differentiation into macrophages. CD14 + cells isolated by MACs were seeded at 10,000 cells per well in a 48-well plate or 300,000 cells per well in a 6-well plate and stimulated with GM-CSF (5 ng/ml, Peprotech, catalog 300-03) or M-CSF (50 ng/ml, Peprotech, catalog 300-25) for 7 days. Additional media (0.1 or 1 ml) was added on day 3 to feed the cells. On day 7, cells were stimulated with LPS (10 ng/ml, MilliporeSigma, catalog L2630). Supernatants were collected, and RNA was extracted.
Flow cytometry. Cells from whole blood were stained with anti-human CD16-AF488 (eBioscience, catalog 11-0168-42, clone eBioCB16), CD14-PE-Cy7 (eBioscience, catalog 25-0149-42, clone 61D3), HLA-DR-APC Table 12 ). Sytox blue (Thermo Fisher Scientific, catalog S34857) was used as a viability marker.
Real-time PCR and quantitative expression analysis. Gene expression of cytokines was used when only small cell populations were available. Total RNA was prepared using TRI Reagent (MilliporeSigma, catalog T9424) and processed with Arcturus PicoPure RNA isolation kit (Applied Biosystems, catalog KIT0204) as previously described (111) . RNA (0.2-0.5 μg) was reverse transcribed into cDNA with the VeriScript cDNA synthesis kit (Affymetrix, catalog 78070). cDNA was preamplified with GE PreAmp Master Mix (Fluidigm Inc., catalog Table 13 . β-Actin was used for normalization as an endogenous control (112) .
Immunofluorescence. Primary blood monocytes were seeded at 10,000 cells per well in an 8-chamber slide (Falcon), cultured in monocyte media for 3 days, and stimulated with LPS (10 ng/ml) for 24, 3, 1.5, 1, and 0.5 hours; with Activin A (50 ng/ml) for 3 hours; or with BMP4 (50 ng/ml) for 3 hours. Cells were fixed for 15 minutes at room temperature in 4% PFA (Thermo Fisher Scientific, catalog 28906 and were washed with PBS 3× for 5 minutes each time. The fixed cells were permeabilized and blocked at the same time with 5% normal goat serum/0/3% Triton X (MilliporeSigma, catalog T8787) in PBS for 1 hour at room temperature; they were then washed with PBS 3×. Cells were incubated overnight at 4°C with primary antibodies: NF-κBp65 (Cell Signaling Technology, 1:400, catalog 3031), p38 (Cell Signaling Technology, 1:400, catalog 9211), phospho-SMAD 1/5 (Cell Signaling Technology, 1:400, catalog 9516), and rabbit phospho-P44/42 (Cell Signaling Technology, 1:400, catalog 4370, clone D13.14.4E). Cells were washed 3 times with PBS and incubated with secondary goat antimouse 568 (Invitrogen, 1:1,000) or goat anti-rabbit 568 (Invitrogen, 1:1,000, catalog A11034) for 30 minutes at room temperature in the dark. Cells were mounted with ProLong Gold Antifade Reagent with DAPI (Cell Signaling Technology, catalog 8961). Images were taken with a Keyence BZ-X700 microscope, and nuclear translocation was quantified with BZ-X analyzer software.
Phagocytosis assay. Primary monocytes (100,000 monocytes) were seeded onto a 12-well plate and stimulated with GMCSF (5 ng/ml, Peprotech) or MCSF (50 ng/ml, Peprotech) for 7 days. Cells were starved for 1 hour. Bioparticles were opsonized and added to the cells according to manufacturer protocol (Thermo Fisher Scientific, Escherichia coli [K-12 strain], BioParticles, Alexa Fluor conjugate, catalog E13231). Wells were then imaged with a light microscope (Nikon Eclipse E800).
Western blot. Primary monocytes were stimulated for 30 minutes or 2 hours with LPS (10 ng/ ml). Cells were harvested in Red Loading Buffer (Cell Signaling Technology, catalog 7723) supplemented with 1× protease and phosphatase inhibitor cocktail (Roche Diagnostics, catalogs 4906845001 and 4693132001). Primary monocyte-derived macrophages were serum starved for 1 hour prior to stimulation with LPS (10 ng/ml) or Activin A (50 ng/ml). Whole-cell lysates were prepared in Laemmli buffer (Bio-Rad, catalog 1610737) and resolved in 4-20% tris-glycine gels (Bio-Rad, catalog 4561096). Primary antibodies for phospho-TAK1 (Cell Signaling Technology, catalog 9339), phospho-NF-κBp65 (Cell Signaling Technology, catalog 3031), phospho-p38 (Cell Signaling Technology, catalog 9211), phospho-SMAD1/5/9 (Cell Signaling Technology, catalog 13820, clone D5B10), and phospho-SMAD2 (Cell Signaling Technology, catalog 3108, clone 138D4) were used at a dilution of 1:1,000. Anti-β-actin antibody (Thermo Fisher Scientific, catalog MA5-15739, clone BA3R) was used at a dilution of 1:10,000. Binding was visualized with horseradish peroxidase-conjugated antibodies (Cell Signaling Technology, catalog 7074) and ECL substrate (Thermo Fisher Scientific, catalog 34095). An ImageQuant LAS 4000 (GE Healthcare) was used to image the blots, and quantifications were done using ImageJ (NIH) software.
Statistics. All studies were performed with biological replicates as described in Supplemental Tables  1-11 . The data were analyzed with GraphPad Prism v.7 software using 2-tailed Student's t test and 2-way ANOVA Sidak or Tukey's multiple comparison tests. The Sidak test was used when comparing means between WT and FOP, and the Tukey test was used when means of both WT and FOP were compared together with other groups. The software R was used for heatmaps and PCA. P < 0.05 were considered statistically significant.
Study approvals. All of the human study and sample collection procedures were reviewed and approved by the UCSF Committee on Human Research. All subjects provided informed consent prior to their participation in the study.
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